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(57) Abstract 

An optical filter, such as a wavelength- 
division multiplexer, demultiplexer, or optical 
router, in which several single-mode waveguides 
are coupled to the sides of an optical interaction 
region containing a wavelength dispersive ele- 
ment that collects light from one or more input 
waveguides inputting light to the interaction re- 
gion and disperses it according to wavelength 
to one or more output waveguides outputting 
wavelength-separated light According to the in- 
vention, a multi-moded waveguide (42) is inter- 
posed between one or more of the single-moded 
waveguides (40) and the optical interaction re- 
gion (54). It has a predetermined length to create 
at one end a multiply peaked image of a singly 
peaked profile presented to it at the other end, 
thus being a multi-moded interference (MMI) fil- 
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Passband Flattening of Integrated Optical Filters 

<?ft¥ftmr IMW> I"*™** 

This invention was made with Government support under Agreement No. 
MDA 972-94-3-0027 awarded by ARPA. The government has certain rights in the 
5 invention. 

FialHnf the Invention 

The invention relates generally to opto-electronic integrated circuits. In 
particular, the invention relates to optical wavelength multiplexers and 
demultiplexers, particularly as implemented in opto-electronic integrated circuits. 

10 parkpround of tha Invention 

Telecommunication and other data networks are rapidly evolving to rely upon 
optical fiber as the transmission medium. Originally, networks utilizing optical fiber 
were configured such that fiber simply replaced copper wire on long links so that 
optical-electrical conversion was required at ends of the optical fiber terminating in 

1 5 the nodes and switches of the network. More recently, all-optical network 

architectures have been proposed in which optical signals are switched among 
different fibers of the network without the necessity of converting the optical signal to 
electrical form. 

One popular architecture involves wavelength division multiplexing (WDM) in 
20 which multiple optical carriers carrying data signals directed to different destinations 
are impressed upon a single optical fiber. If such a WDM system is to avoid 
intermediate conversion to electrical signals, it should include an optical router 10 of 
the general function illustrated in FIG.1 . Two input fibers 1 2 carry respective sets of 
wavelength channels X, X,. X,. X 4 and X', X' 2 , X'„ XV In the following discussion. 
25 differentiation based on wavelength or on frequency will be considered equivalent 
since they are related through the dielectric constant or refractive index of the local 
material. The two sets of wavelength channels have nominally the same optical 
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wavelengths but carry different data signals. The router 10 is capable, by 
mechanisms to be explained later, to selectively route the wavelength channels to 
different output fibers 14. Because of the nominal equality of the two sets of 
wavelengths, the router 10 directs, for instance, the wavelength channel A, to one of 
the output channels and the channel X\ to the other. 

One type of optical router 10 includes an optical wavelength routing element 
20 illustrated schematically in FIG. 2. In this context, an optical routing element is a 
wavelength division switch, multiplexer or demultiplexer that physically routes optical 
signals according to their wavelength, the wavelength usually being associated with 
an optical carrier frequency. A single-moded input waveguide 21 injects light 
through an optical focussing element 22 into an optical interaction region 28 in which 
the light spreads and hits a frequency-dispersive element 24. For purposes of this 
discussion, an optical interaction region is a laterally (horizontally) unconfined planar 
waveguiding region in which an introduced waveguide field can propagate freely 
within the plane. A localized mode field introduced into such a region will generally 
broaden as it propagates through it in the usual mode-expansion manner of 
unconfined beams. The region may also serve as a space in which fields may be 
localized, and in which imaging optics are employed to produce a focussed image 
from a spatially dispersed field. 

The light of different wavelengths X 1( ^ ^ and X 4 diffracts from or otherwise 
interacts with the frequency-dispersive element 24 into separate directions so as to 
couple to respective single-moded output waveguides 26. This figure is meant to be 
illustrative only. The frequency-dispersive element 24 acts to spatially separate 
portions of a light beam according to their frequencies. It can assume several other 
forms, an important one of which is an arrayed waveguide to be described later. 
The frequency-dispersive element is used for other functions in an WDM network, 
such as a multiplexer at a multi-wavelength transmitting station and a demultiplexer 
at a multi-wavelength receiving station. 

The frequency-dispersive element in cooperation with the other elements acts 
a wavelength filter. Illustrative transmission spectra T(A) for two neighboring 
wave |ength channels at their respective output waveguides 26 are given in FIG. 3. 
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Each peak 30 has a typically gaussian-like (bell-like) shape with a peak wavelength 
designed for the design wavelength A, The channel spacings M SP are determined by 
the overall network considerations. For a determined value of AA SP , the passband 
width 5A is generally arranged to be as large as possible but to be as small enough 
5 to provide sufficiently small crosstalk between the channels. At the present, 

spacings of 0.8 and 1.6nm are typically used for transmission systems operating at 
1.5pm although specialized devices have been demonstrated with even smaller 
spacings. 

The frequency-dispersive element presents difficulties in a WDM network. 
10 particularly one in which a signal may originate from many different transmitters and 
which then typically travels through many routers. Each of the transmitting lasers 
emitting at a channel wavelength A (and there may be very many of them at 
geographically distant points) must transmit within a given fraction of the allotted 
bandwidth 5A. However, these lasers tend to drift for a number of reasons including 
1 5 variation in ambient temperature, aging, and other reasons. The bandwidth 6A 
cannot be increased without increasing the wavelength spacing AAs P and hence 
decreasing the total number of channels, that is. the total fiber throughput as system 
considerations, such as amplifier bandwidths. generally limit the total wavelength 
span covered by all channels. Even moderate drifts of the laser emission from the 
20 peak of a filter transmission curve introduces difficulties. A laser signal at the 

transmission peak 32 exits the router with larger amplitude than one only slightly 
down the side of the belt-shaped curve. This difference is multiplied many times as 
signals traverse many routers, and the difference depends not only upon which laser 
originated the light but also upon the particular routers the signal has passed 
25 through as the filter characteristics vary slightly from one to the next for a number of 
reasons including variation of ambient temperature, aging, and differences in 
fabrication, and other reasons so that corrections are difficult when the network 
interconnects are changing fairly rapidly. 

Aspects of this problem have been already recognized. It is desired that the 
30 frequency-dispersive element have flat band transmission spectra, such as those 
illustrated in FIG. 4. Thereby, the laser frequency could drift within the width of the 
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flattened top 36 without effect upon the system. Solutions have been provided for 
multi-wavelength detectors. Steenberger et al. in "4-channel wavelength flattened 
demultiplexers integrated with photodetectors," Proceedings £C/O f Aprif 3-6, 1995, 
Delft, Netherlands, pp. 271-274 (ISBN 90-407-111-9) have disclosed substituting 
5 multi-moded output waveguides 26 for the single-moded waveguides in FIG. 2. The 
optical detectors are then placed at the end of the multi-moded waveguides distant 
from the frequency-dispersive element. The spectrum of transmission out through a 
multi-moded waveguide is much flatter than that through a single-moded waveguide 
While single-moded waveguides are characterized by the optical power transmitted 

10 by a single, fundamental mode, multi-mode waveguide according to the invention is 
characterized by the total power transmitted through the waveguide. Power transfer 
into multi-moded waveguides from a wavelength dispersing region has a much 
flatter wavelength characteristic than do single-moded waveguides. However, such 
a solution is not appropriate for communication networks that require long- 

15 wavelength transmission to be done over single-moded fiber. The inefficient and 

unpredictable coupling from multi-moded output guides on the integrated circuit chip 
to single-moded fiber waveguides introduces excessive loss into the network and 
may introduce additional wavelength dependence. 

Thus, no solution has been found which is appropriate for communications 

20 networks, particularly for routers. 

Therefore, it is desired to provide a frequency-dispersive element that has a 
flattened wavelength response but that is efficiently coupled to single-moded fibers. 

Summary of the Invention 

The invention can be summarized as a frequency-dispersive device, such as 

25 a multiplexer, demultiplexer, or router, receiving light from one or more input 
waveguides and dispersing it according to frequency to one or more output 
waveguides. In the usual telecommunication implementation, these waveguides 
support only a single optical mode. According to the invention, the end of one or 
more of the waveguides facing an interaction region about the frequency-dispersive 

30 element, e.g. a grating, is widened to support a multitude of modes and the length of 
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this section is made such as to be a multi-mode interference (MMI) filter in which 
multiple images of the single-moded waveguide mode are presented at the interface 
of the MMI and the interaction region. Thereby, the filter response of the 
frequency-dispersive device is flattened. 

The invention can be advantageously applied to a number of wavelength 
division switches, a number of which are inventive in their own right. In particular, 
feedback waveguides can connect multiple outputs of the wavelength dispersive 
region to corresponding inputs and the separated channels can be switched before 
returning to the wavelength dispersive region and being recombined into a single 
output. 

The invention can be particularly advantageously applied to a wavelength 
multiplexer integrated on a chip with an array of lasers emitting at different 
wavelengths so as to form a wavelength-division multiplexing transmitter. 
Rriaf Description oftha Drawings 

FIG. 1 is a schematic circuit illustration of an optical network element with 
which the invention may be used. 

FIG. 2 is a schematic plan view of the basic principle of optical wavelength 

dispersion. 

FIG. 3 is a graph of conventional optical filter responses of two neighboring 
optical channels. 

FIG. 4 is a graph of desired flat-topped optical filter responses of two 
neighboring optical channels. 

FIG. 5 is an schematic illustration of the coupling between a single-moded 
waveguide and a laterally localized but geometrically unconfined beam. 

FIG. 6 is a schematic illustration of a multi-mode interference filter producing 

a multiply peaked output. 

FIG. 7 is a graph of a double-peaked filter function calculated to be produced 
according to one embodiment of the invention using a double-peaked filter. 

FIG. 8 is a schematic illustration of an embodiment of a demultiplexer of the 
invention. 

FIG. 9 is a schematic illustration of the coupling between a single-moded 
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waveguide and multiple multi-moded waveguides usable with the invention. 

FIG. 10 is a plan view of a phased-array grating usable with the invention. 
FIG. 1 1 is a graph of a triple-peaked filter function calculated to be produced 
according to another embodiment of the invention. 

FIG. 12 is a flow chart for the design of one class of embodiments of the 
invention. 

FIG. 13 is a schematic illustration of an add/drop circuit advantageously using 
the multi-mode filter of the invention. 

FIG. 14 is a schematic illustration of a cross-connect circuit advantageously 
using the mufti-mode filter of the invention. 

FIG. 15 is a schematic illustration of an alternative cross-connect circuit more 
compact than that of FIG. 14. 

FIG. 16 is a schematic illustration of a 2x2 cross connect usable with the 
invention. 

FIG. 17 is a schematic illustration of yet another cross-connect circuit even 
more compact that of FIG. 15. 

FIG. 18 is a schematic illustration of a multi-wavelength transmitter of the 
invention. 

Detailed Description of the Preferred Embodiments 

Theoretical Basis 

The bell-like or gaussian-like lineshape produced in the typical multiplexer or 
demultiplexer of FIG. 2 is explainable with reference to the schematic illustration of 
FIG. 5 The single-moded output waveguide 26 is usually a rectangular waveguide 
integrated on the same chip as the dispersive element 24. It has a modal field 
characteristic 4> g (x) represented in FIG. 5. Its spatial mode width ^ is closely related 
to the width of the waveguide 26. The dispersive element 24 and associated lensing 
components create an image spot from the optical radiation field introduced into the 
optical interaction region 28 from the unillustrated single-mode input waveguide 21. 
The image spot has a field characteristics <|> 0 (x) with a spatial gaussian mode width 
of £q. Assume that for a wavelength of A, the peak of the image spot is separated 
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from the middle of the output waveguide 26 and thus from the peak of $,<x) by a 
separation V The power coupled into the output waveguide 26 at this separation 
is given by 



where the operator "®" represents the convolution 

A{x) & B(x-xJ = jA(x)-B(x-x l )dx 



(2) 



and it is assumed that the two fields are real and normalized. 

This response may be translated to the wavelength domain as 



where is the offset between the center lines of <|> 0 and expressed in 
wavelength coordinates and where the wavelength and offset are related by the 
dispersion 

ii - a*,.,.'^' (4) 



10 where any offset terms have been normalized into the prefactors. 

Typically, waveguides with V-parameters in the range of 2 to 4 are typically 
used. The value of V provides a measure of the shape of the guide mode and also 
its degree of confinement, as has been described by D. Marcuse in his text Theory 
of Dielectric Optical Waveguides. 2d ed.. (Academic. 1991). For a symmetric three- 

1 5 layer waveguide, it is given by 
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where ko is the free-space wavevector, d is the thickness of the guide core, n g is the 
refractive index of the guide core, and n f is the refractive index of the infinite guide 
claddings. A value of V<rr indicates that the waveguide is strictly single-moded. In 
the case of this range of V-parameters between 2 and 4 for both the input and 
output waveguides, both the spot image function $ 0 and the waveguide mode field 
4> g function have gaussian lineshapes or close thereto. As a result, the filter function 
F(X wpo ) also has a gaussian-like iineshape with a width given by the value of the 
widths of the other two functions, A g and A 0 , expressed in wavelength coordinates. 



Thus, within this part of the prior art, the filter function FfA^pn) has an invariant 
Iineshape, of which only the linewidth >wcan be controlled. 

One sort of solution to a portion of this problem has been previously 
presented in which the output of the coupling region is directed to a linear array of 
mutti-moded waveguides. In a simplest conceptualization of this solution, a multi- 
moded waveguide is wider than a singte-moded waveguide so that a mode of the 
form of 4> 0 shown in FIG. 5 incident on the entrance to that multi-moded waveguide 
can be spread over a large range of and still effectively be coupled into the 
waveguide. Thereby, the throughput function F(A m-pn ) is substantially widened. 
However, the coupling efficiency between these multi-mode waveguides and 
subsequent single-mode waveguides coupled thereto is generally poor and 
unpredictable. 



The invention is in large part explainable in terms of multi-moded interference 
(MMI) filters, as described by Soldano in Multimode Interference Fitters: Design and 
Applications* (Delft University Press. 1994), pp. 9-35, 57-62, 84-89 and by Soldano 
et al. In "Optical Multi-Mode Interference Devices Based on Self-Imaging: Principles 
and Applications," Journal of Lightwave Technology, vol. 13, 1995, pp. 615-627. 
MMI filters rely upon the predictable evolution of the modes within a multi-mode 
waveguide and the consequentially predictable reconstruction of fields introduced 
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into them at certain (propagation) distances along their length. For example, as 
illustrated in FIG. 6. a single-moded waveguide 40 is abruptly joined to a multi- 
moded waveguide 42 at an interface 44. The single-moded waveguide 40 supports 
only a single lateral mode 46 having an envelope mostly confined to the single- 

5 moded waveguide 40 but extending somewhat beyond it depending upon the 

relative values of the refractive indices. By "lateral" is meant within the plane of the 
underlying substrate while by "transverse" is meant vertical to this plane. The multi- 
moded waveguide 42 has a sufficient width to support many lateral modes, at least 
three for the simplest implementations of the invention. Soldano has demonstrated 

10 that the envelope of the field profile for the multi-moded waveguide 42, when 

matched with the boundary condition of a centered single-moded input waveguide 
40. develops a number of symmetric self-images of the input waveform at fixed 
distances along the multi-moded waveguide 42. In particular, the waveform 48, as it 
propagates along the waveguide 42, initially spreads outs and flattens, but then 

1 5 sharpens into peaks. A double positively peaked waveform 50 (J) MMI is formed at a 
distance of 

1 8 

from the interface 44, where L„ is the beat length of the two lowest-order modes 
supported by the multi-moded waveguide 42. given by 



In these equations, 



20 and 



*0 



* 0 - 4r> .O0> 

A 0 
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where A<, is the free-space wavelength, and k, is the wavevector of the l-th guide 
mode in the direction of propagation. The two-fold images are disposed 
symmetrically about a center line of the MMI multi-moded waveguide 42 with peak 
field values occurring at approximately 1/4 and 3/4 of the width of the doubte-moded 
5 waveguide 42. According to one embodiment of the invention, the length of the MMI 
mufti-moded waveguide 42 is set to approximately L 2 , and its aperture 52 is 
disposed adjacent to a coupling region 54 across which the spot image propagates. 
The coupling region 54 does not laterally confine light so that light exiting the 
waveguides spreads across the coupling region 54 to irradiate the grating 24. in 

10 OEICs, a planar vertical waveguiding structure in the coupling region 54 confines the 
light in the transverse direction. The light is focussed to form an image of the same 
spatial form as that at the aperture 52 at the entrance to the output waveguide 62. 
This light then couples to the guide mode in the waveguide 62 in FIG. 8 to generate 
the desired filter function F^,. 

15 It is important to note that the effect of the MMI is not just to widen or even to 

flatten the field distribution at its output from the waveguide 21 . Such a widening or 
flattening would still leave a relatively sharply peaked MMI filter function F MMt . 
Instead, the doubly peaked field integral from the aperture 52, when imaged at the 
entrance to the output guide 62, is convoluted with the singly peak waveguide modal 

20 field 4> 9 in the output guide 62 to produce a substantially flattened filter function F MMt , 
which is flatter than any gaussian function. The effect is most pronounced if the 
separation of the peaks of the imaged field distribution of 4> MM , is made to 
approximately equal the width of the singly peaked spot distribution formed by the 
convolution between the imaged singly peaked component of 4^, and the output 

25 guide mode Such a relative sizing produces a filter function F MMt that has a 

substantially flat region between the two peaks. Such a filter function F MMr is shown 
in FIG. 7 and is based upon a calculation. 

General Embodiments 
The MMI filter of the above discussion can be incorporated in a demultiplexer 

30 60 schematically illustrated in FIG. 8. An optical signal is input on the single-moded 
waveguide 40 which is coupled to the multi-moded waveguide 42 of length L 2 . The 
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resultant optical signal is scattered from a dispersion element 24 to one of a number 
of entry single-moded output waveguides 62. The result is that the image <t> MM , 
presented to each output waveguide 62 has a double peak and the overall filter 
function F MM , is substantially flattened. 
5 The optical interactions shown in FIGS. 6 and 8 are linear and reciprocal. As 

a result, the inputs and outputs can be exchanged. That is, the MMI filter can work 
equally effectively on either the input waveguide or on the output waveguide. 
Therefore, the invention can be equally applicable to a demultiplexer 70 
schematically illustrated in FIG. 9. A single-moded waveguide 72 inputs an optical 
10 signal towards a dispersion element 24 which scatters the light towards multiple 

output waveguides, each consisting of an entry multi-moded waveguide 74 of length 
L, and a single-moded waveguide 76 coupled thereto. The embodiments illustrated 
schematically in FIGS. 8 and 9 may also be operated with the input and output 
waveguides used in reverse fashion. 
15 The embodiments of FIGS. 8 and 9 are not limited to only two output (or 

input) waveguides 62 or 76. but they may have significant number of channels into 
which the channels are demultiplexed or alternatively from which the channels are 
multiplexed. Further, the embodiments may both have both multiple inputs and 
multiple outputs, as is the case for routers usable in communication networks. An 
example of such a router is illustrated in plan view in FIG. 1 0. This is a phased-array 
multiplexer/demultiplexer 90. such as disclosed by Dragone in U.S. Patents 
5.002.350 and 5,136.671. An input star coupler 92 couples all signals on plural 
input waveguides 94 to a plurality of intermediate waveguides 96, the phase lengths 
of neighbors which vary by a constant or nearly constant amount to thereby form an 
optical grating. The outputs of the optical grating are coupled via a second star 
coupler 98 to output waveguides 100. The former patent discloses flared ends to 
the single-moded waveguides 94. 96 and 100 to increase the overall efficiency. 
According to the invention, an MM1 102 is placed between the input waveguide 94 
and the first star coupler 92 although the multi-moded waveguides could be placed 
on either the input waveguides 94 or the output waveguides 100 adjacent to the 
respective star-coupler. 



20 
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The discussion related to FIG. 6 assumed that the length of the MMI 
waveguide was L 2 so as to cause a two-fold image. As Soldano has stated, N-fold 
images will be formed at distances 



The lowest order mode of p=1 is preferred. However, the invention can 
advantageously be extended to higher orders of N, which provide even broader flat- 
topped peaks. FIGURE 1 1 shows a graph of a filter function calculated for N=3. 
The peak is flatter and broader, but this is accomplished at the expense of coupling 
loss, for example, 4.5dB loss versus 3.0dB. Residual peaks from the 3-fold image 
can also be seen in this exemplary calculation. 

The multi-mode waveguide does not need to have a length satisfying 
Equation (7) or Equation (1 1) to achieve beneficial filter flattening since, as shown in 
FIG. 6, at other lengths the inputted mode has flattened and spread laterally. 
However, at or near the lengths of a multi-mode interference filter, the combination 
of flattening and steep filter edges provided by our general design procedure may be 
maximized, but it is believed that operating conditions may be calculated which yield 
performance that is almost as good. 



The design of a multiplexer/demultiplexer according to the invention is 
complex, especially when implemented in semiconducting opto-electronic integrated 
circuits (OEICs), but the design can be reliably performed by following the following 
procedure, as described with reference to the flow chart of FIG. 12. This design can 
be applied to OEICs fabricated from lll-V semiconductors and including waveguides 
formed at or near the surface. It may also be applied to other waveguide materials, 
such as those based on doped silica or polymer guides. 

In a first step 110, determine the filter function that is required, and model the 
function by an analytic expression. For example, the desired filter function is tailored 
to give a certain flatband spectral width and to achieve particular transmission levels 
at certain wavelength spacings from the passband center. 




(ID 
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In a second step 1 12, consider any other constraints which are not directly 
connected with the device performance, that is. that are not directly related to the 
spectral filter function. One example would be that a certain mode size, usually 
large, must be achieved in either the input or output guides to allow for low-toss 
coupling to or from an optical fiber. Another example would be that a minimum 
contrast must be maintained between the waveguide core index and the refractive 
index of the cladding in order to minimize bending losses of curved portions of the 

waveguide on the OEIC chip. 

In a next series of steps, based upon the desired filter response and other 
constraints and using an analytical model to approximately describe device 
operation, make an initial determination of suitable device parameters. In particular, 
in step 1 14. deconvolve the desired filter response, translated to spatial coordinates 
at the entrance to the output guide 62. as In FIG. 8. to obtain the required image of 
(j> MM1 from the guide mode <D fl . Then, in step 116. design the MMI. the input guide, 
and the dispersion elements to obtain the mode <t> MMl . Although a 1:1 imaging 
between the input and output waveguides is simplest, more complex imaging may 
be performed by the combination of the interaction region and the frequency- 
dispersive element. 

In step 1 18. use numerical methods to model device performance with the 
above derived device parameters and to thus obtain the spectral response of the 
light transmitted through the device. Such a numerical method involves analysis of 
wave propagation, such as the so called beam propagation method described by R. 
Marz in Integrated Optics: Design and Modelling (Artech House. 1994). or 
alternatively a coupled mode analysis. 

In step 120. optimize the filter performance by analyzing the performance 
obtained in step 118. making small adjustments in the device parameters, and 
rerunning the numerical analysis of step 118 until a satisfactorily optimal filter 

performance has been obtained. 

Specific Design Procedure 
The above procedure is somewhat general. The following will give a more 
particular design procedure for the case of a flat-topped filter function using the MMI 
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at the input to provide a two-fold image to the coupling region 54. 

In accordance with step 110, a simple model for the filter function F(A) is the 
sum of two equal, laterally displaced gaussians 



F(k) « cxp 



exp 



(12) 



where 



(13) 



and Aq is the center wavelength of the filter 
For a given device dispersion, 

6x 



(14) 



the filter response in the spatial domain is given by 



F(x) « exp 



Ax 



•filur ) 



exp 



Ax 



filur ) 



(15) 



where 



^filter ' 'n ,A V.r 



(16) 



and 



(17) 
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and x is measured from the center of the filter waveguide. 

The filter function F(A) has a substantially flat top when the separation A Mpo 
between the centers of the two gaussian waveforms lies in the approximate range 
y/2 to 1 . 1 V2 times the AA^. We will take the condition 

This relationship is expressed in the spatial domain as 

- v/2'Av„, < 19) 



In accordance with step 112, other constraints can be introduced into the 
model at this point. For example, it may be desired to construct the demultiplexer 
with a certain output waveguide, the form of which will determine the profile of the 
output guide mode, <p e (x). 

In accordance with step 1 14. the field profile 4»(x) at the entrance to the output 
guide is determined by deconvolving <p 0 (x) from F(x). If <p B (x) is also approximated by 
a gaussian 



E 2 

*»ouipM 'guide J 



(20) 



the deconvolutton may be performed analytically, yielding 



4> 0 0O = «P 



cxp -Lid. 



*tmage 



(21) 



where 
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t 2 = Ax 2 



ovtpitt-gvfttt ' 



(22) 



If the dispersion element is structured and situated such that there is perfect 1:1 
imaging of the field profile <|>mmi(Xmmi) at the end of the MM I to the image plane at the 
entrance to the output guide, to thus correspond to <p(x), the MMI field profile is then 
given by 



f f 

[ X MMI 



Hmagt 



exp 



x +- 



r V) 

v MMI r stpn 

2 J 



(23) 



where x^, denotes the lateral coordinate at the end of the MMI and may be 
measured from the center line of the MMI. 

In accordance with step 116, the input guide and MMI are then constructed to 
provide the appropriate values for and X MMr it#pft . This is achieved by 
engineering the MMI to provide at the output of the MMI a two-fold image of the 
input guide field 4> (npuH)Ulclo . Assuming perfect imaging by the MMI, the input guide 
width is simply adjusted to provide a guide mode with a width of that is, 

^ input ~$uidt ~ ^ image ' (24) 



The MMI width W MMt is adjusted to provide the two-fold images of the input guide 
separated by X^, which requires in the high-confinement approximation that 

(25) 



The MMI length L MMI is adjusted to give two-fold imaging, that is, 

3Z 



8 



(26) 
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In the above deconvolution, the demultiplexer dispersion and output guide 
structure were used as a starting point to determine the structures of the input guide 
and MMI necessary for a particular filter function. It is often, however, preferable to 
start with identical input and output waveguides and from these to determine the 
required device dispersion and MMI parameters necessary for the filter function. For 
a 1:1 filter imaging system, this alternative process gives 

Ax 2 

= e 2 = / "" r ( 2? ) 

^output -guide ^* input -guid* * 



Thus, 

* -E 2 = = rf'Kp* (28) 



where f is the chosen ratio between the separation and the widths A^,, of the 
two gaussian components comprising the filter function, and where A^, is the 
1 0 chosen wavelength range corresponding to the spacing of the two functional 
components. The required dispersion is thus given by Equation (28). With the 
dispersion set according to Equation (28). the MMI parameters are also determined 
and are given by the same functional form as above, that is, 



within the high-confinement approximation. 

In accordance with step 118, the propagation of a guided mode entering the 
designed MMI from the input guide is modeled by a wave analysis such as a BPM 
simulation and the mode field at the output is determined and then coupled directly 
into the output guide for different offsets between the center lines of the MMI guide 
and the output waveguide. This procedure models the filter function of the 
demultiplexer generated as the 1:1 imaged field is dispersed across the output 
waveguide. 
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In accordance with step 120. it may be necessary to modify certain 
parameters of the input guide or MMI in order to optimize the filter function to 
achieve the desired characteristics. 

A possible reason for such modification might be that the input guide mode 

5 field is not well imaged at the output of the MM!. Such poor imaging may occur if the 
MMI cannot support a sufficient number of guided modes. The quality of the image 
can be improved by increasing the MMI width W MMt , but. in order to preserve the 
form of the filter function, increasing the MMI width, which increases the value of the 
separation X^, typically necessitates a corresponding increase of the device 

10 dispersion and an increase of the width of the input guide. The width of the input 
guide can readily be increased without changing the width of the same guide in the 
remainder of the optical integrated circuit by introducing a simple adiabatically 
widening taper of the guide width just prior to the MMI section. 

Another reason why the filter performance predicted from the numerical 

1 5 simulation may differ from the desired filter function might be that the MMI width 

W MMl does not yield the required spacing ^ between the two-fold images, that is, 
Wmm^X^p,,. Such a variance can occur when the waveguide modes of the MMI are 
not well confined within the core of the MMI. such as might occur when the lateral 
index contrast between the index of the MMI core and its cladding is small* In this 

20 case, the peaks of the two-fold image are separated by more than half the MMI 

width. This situation can be easily determined from the mode propagation analysis 
and be simply corrected by decreasing W MM , to provide the correct separation X^ of 
the peaks of the two-fold image. Alternatively the width of the single-mode input 
guide can be increased, along with the filter dispersion, with a consequent minor 

25 change in the coupled modal output power. 

Exemplary Design 1 
A first specific design involves an tnP-based arrayed waveguide demultiplexer 
that separates wavelength channels spaced at 1.6nm in the 1.5pm band associated 
with silica optical fiber. The single-mode input and output waveguides each 

30 consisted of a core of InGaAsP lattice-matched to InP and having a bandgap 
wavelength of 1.25pm surrounded by a thick cladding of InP. These materials 
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produce an index of refraction at the wavelength of interest that is substantially equal 
to 3.356 in the core and 3.167 in the cladding. Consideration of efficient coupling to 
a conventional single-mode fiber determines the selection of a core size of 0.2pm in 
the transverse direction by 3pm in the lateral direction. A flat-topped filter response 
is required. 

Modal analysis shows that the lateral modal field was well approximated by a 
gaussian with width 1 .8pm. Since the input and output waveguides have the same 
modal fields. Equations (22) and <24) show that A>W=1 .8x/2pm. 

Using Equation (19) for a flat-topped filter function gives X wn =3.6pm. 

If Equation (25) is accurate, then an MMI coupler width W MM1 of 7.2pm is 
suggested. However, analysis by beam propagation method simulation shows that 
a 7.2um-wide MMI gives a somewhat larger two-fold image separation due the 
relatively weak mode confinement. The difference can be eliminated by decreasing 
W MMI to 6.2pm. Alternatively, the input mode width can be increased by, for 

example, flaring the end of the input waveguide from 3.0pm in width to about 5.0pm 
in order to accommodate the larger value of V For either case, beam 
propagation simulation or modal analysis allows L^, to be evaluated. For an MMI 
coupler with W^, of 6.2pm. L^, is determined to be approximately 58pm. For this 
case, setting the dispersion of the filter to be 7.2pm/nm assures that the separation 
between the two gaussian components of the filter transmission is 0.5nm and that 
spacing the input waveguides by -1 1.5pm in the focal plane assures a filter channel 

spacing of 1 .6nm. 

The performance of the finalized filter design is computed by a beam 
propagation simulation of the input guide mode propagating through the MMI 
coupler and coupling directly to the output waveguide, the coupling efficiency being 
determined by an overlap integral calculation evaluated for different displacements 
of the MMI center line with respect to the center line of the output guide. It is found 
that a flat-topped filter response is obtained, in line with expectations. 

A practical alternative to the fiat-topped filter above with fW2 is obtained by 
setting f to a slightly larger value, say. f-1.1 V2. Such a filter has a relatively wider 
central region, but it also shows a small dip at the passband center because the two 
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component gaussians are now slightly more separated from the flat-band position 
described by f=V2. Such a filter may be advantageous when a central portion of the 
fitter passband needs to be maximized and the small modulation of the transmission 
at the filter center is not detrimental to system performance. 

Exemplary Design 2 

A second specific design involves an InP-based arrayed waveguide 
demultiplexer that separates wavelength channels spaced at 1 .6nm in the 1 .5pm 
band associated with silica optical fiber. The single-mode input and output 
waveguides each consist of a core of InGaAsP lattice-matched to InP and having a 
bandgap wavelength of 1.0pm surrounded by a thick cladding of InP. These 
materials produce an index of refraction at the wavelength of interest substantially 
equal to 3.218 in the core and of 3.167 in the cladding. Consideration of bend 
losses and modal structure leads to a choice of a core that is 2pm thick and 2pm 
wide for both the input and output guides. 

The same guide core structure is used for the waveguides In the array 96, 
where the square cross section assures equivalence of the TE and TM mode indices 
and consequently renders the filtering operation independent of the polarization 
state of the incident light. 

Modal analysis of the guides shows that the fundamental mode may be 
approximated by a gaussian of width of 1.3pm. For a flat-topped filter, where f=V2 t 
Equations (19), (22), and (24) then give X^^.Spm. If Equation (25) is accurate ( 
then an MMI coupler width of 5.2pm is suggested. Modal analysis and beam 
propagation method indicates that for this width of MMI coupler, L 2 =41pm. 

Performing a beam propagation method simulation of this structure, with a 
2pm-wide input guide and a 5.2pm-wide MMI coupler, reveals that the two-fold 
image centers are separated by 3.1pm, greater than the 2.6pm suggested because 
of the relatively weak mode confinement within the MML Decreasing the value of 
W MM , is not effective in sufficiently reducing the value of X Mpn and also decreases the 
light confinement within the MML The input guide width may, however, be 
increased, so that Equation (11), (22), and (24) are satisfied with X sepn =3.1pm. 
Using the same 2pm-wide output waveguide, this suggests a gaussian input mode 
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with width of 1-8um. Such a mode is approximated by a 3.0um-wide input 

guide. 

A demultiplexer filter with a 3.0um-wide input guide and an MMI coupler with 
W M „r5.2um and I-mm^M™ are tnus indicated to provide a flattened filter response. 
Setting the filter dispersion to be 6.2 um/nm provides a filter function with the 0.5nm 
wavelength separation between the centers of the two filter component gaussians 
and provides for wavelength demultiplexing of channels spaced at 1.6nm if the 
output guides are spaced 10pm apart. Filter response simulation using beam 
propagation simulation of the input guide mode through the MMI coupler and 
coupled directly into the output guide as the latter are displaced with respect to each 
other shows that the predicted flat-topped filter response is achieved. 

As described for the first exemplary design above, the flat-topped filter design 
may also be broadened somewhat, at the sacrifice of a small reduction of the filter 
transmission at its center. 

Fabrication 

The fabrication of an array waveguide demultiplexer is well known but will be 
shortly summarized for our procedure. The procedure will be illustrated for the 
semiconductor materials in which the guides are formed of the InGaAsP system. 

Organo-metallic chemical vapor deposition (OMCVD) is used to deposit on an 
InP substrate an InP buffer layer followed by the InGaAsP core layer. The InGaAsP 
acts as the waveguide core while the InP acts as the cladding. A silica mask layer is 
deposited, photolithographically patterned for the arrayed waveguide demultiplexer, 
and patterned with an oxygen plasma dry etch to form the silica mask. The 
quaternary layer is dry plasma etched with either a CH«/H 2 mixture or a chemically 
assisted plasma directed ion-beam etch, for example, using a chlorine-assisted 
xenon ion etch. The remaining masking material is removed in an HF solution. The 
upper cladding layer of InP is then deposited to a thickness sufficient to fill the lateral 
spaces between waveguides and to assure negligible field tails at the chip surface. 
The device is thinned and cleaved to allow light to coupled onto and off the chip. 

Device performance can be examined by passing light from a tunable- 
wavelength laser through the demultiplexer and measuring the intensity of 
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transmitted light as a function of wavelength. 

Experimental Results 
A demultiplexer was fabricated and tested. Its design generally conformed to 
the above first exemplary design with a 3.0pm input guide, W m( =6.0pm, L MMt =54pm, 
5 and with an output dispersion of 12.5prn/nm. The layers were deposited by 
OMCVD. 

The filter function was designed to provide two overlapping gaussians 
separated by -1.5 times their widths, and this separation was designed to 
correspond to a wavelength dispersion of 0.5nm. This filter function was found 

10 experimentally to have a small dip of ~0.4dB at its center and to have a -3dB width 
of ~0.95nm and a -20dB width of -1.6nm. These values agree closely with a 
simulation of this structure with W MMI ~6.0pm, using a beam propagation analysis of 
the input guide mode passing through the MMI coupler and the emergent field being 
coupled into the output guide as it is dispersed across the entrance of the output 

1 S guide according to the filter dispersion. 

Alternative Materials 
The above examples involved a lll-V semiconducotr material system based 
InP. This material system is of great interest for advanced opto-electronics, but the 
invention can be applied to other material systems. Other tll-V semiconductors have 

20 been used in optoelectronics and can thus be utilized in the invention. Silicon and 
yet other semiconductors can be used depending on the desired operation 
wavelength range. 

Indeed, the invention is not limited to semiconductor waveguides since many 
aspects of the invention involve only passive optical waveguides. Two of the most 
25 commercially important classes of waveguides are silica waveguides and polymer 
waveguides. Lithium niobate and associated perovskite materials are also 
important. 

The guiding structure in silica waveguides can be buried planar waveguides 
and rib guides, the latter having substantially square cross sections. Silica glass 
30 waveguides can be deposited on a variety of substrates, including silicon, quartz, 
various ceramics, and sapphire. Typical thicknesses are 5 to 10pm for the guide- 
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core layer, 20pm for thethe lower cladding when the guide is not formed on a silica 
substrate, and 40pm for the upper cladding. 

A number of different fabrication processes have been developed. The two 
most currently popular methods are flame hydrolysis and plasma-enhanced 

5 chemical vapor deposition (PECVD). In a typical process, a thick bottom buffer layer 
of undoped silica is deposited. Then, the guide-core layer is deposited of silica that 
is doped to increase its refractive index. Many different dopants may be used to 
increase the index of silica, for example, germania or phosphorous. An index 
contrast of less than 2% is typical, with 0.3% to 0.7% being most popular. The guide 

10 pattern is them formed in the core layer by dry plasma etching through to the buffer 
layer. Finally, the upper silica cladding layer is deposited. 

R. Syms provides a general description of silica waveguide deposition 
technologies in "Silica-on-silicon Integrated Optics," Advances in Integrated Optics, 
eds. S. Martellucci et al. (Plenum, 1995, ISBN 0-3-6-44833-5). chap. 7. Mottier 

1 5 describes a PECVD process in "Integrated Optics at the Laboratoire d'Electronique. 
de Technotogie et ^Instrumentation," International Journal of Optoelectronics, vol. 9, 
pp. 125-135. The previously cited articles by Tachikawa et ai. Susuki et al, Okamoto 
et al., and Ishida et al. all involved silica technology for arrayed waveguide filters. 
Polymer waveguides are becoming increasingly popular because of their low 

20 cost. The technology has been reviewed by B. Booth in "Optical Interconnection 
Polymers", Polymers for Lightwave and Integrated Optics: Technology and 
Applications, ed. L. Hornak, (Marcel Dekker, 1993). Switching in polymer guides 
may be achieved by several techniques, including elecctro-optic modulators and 
interferometric switch structures. 

25 Applications 

The invention can be advantageously applied to many uses. An add/drop 
circuit 130 is schematically illustrated in FIG. 13. An input signal having wavelength 
components A,. Aj, A 3 . and X 4 is coupled from an optical fiber at a chip edge 132 to a 
single-moded input waveguide 134 on the chip. The input waveguide 134 is 

30 connected through a multi-mode interference filter 1 36 to a first star coupler 1 38, the 
outputs of which are the waveguides of an arrayed waveguide grating 140. which is 
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also connected to the inputs of a second star coupler 142. There are five outputs of 
the second star coupler 142. One is an MMl 143 connected to a single-mode output 
waveguide 144 connected to an output fiber at another chip edge 145. The other 
four are singie-moded feedback waveguides positioned on the second star coupler 
142 to receive the respective wavelength components A„ A3, and A 4 . Although 
illustrated for only one, each feedback waveguide 148 contains a splitter 1 50 
coupling part of the optical signal to a drop waveguide 152 and a combiner 153 
coupling an optical signal from an add waveguide 154. Each feedback waveguide 
148 is connected at its output end to the input of the first star coupler 138 in parallel 
to the input waveguide 134 and its MM1 136. The output of each waveguide at the 
first star coupler 138 is positioned symmetrically with its respective input to the 
second star coupler 142. 

A switchable amplifier 1 56 is disposed on the feedback waveguide 148 
between the splitter 150 and combiner 153. When one wavelength channel A 4 is to 
dropped and added, the amplifier 156 is turned off so as to act as an absorber. The 
channel A 4 is then dropped and another channel A' 4 of substantially equal 
wavelength is added. When that channel A 4 is not to be dropped, the amplifier 156 is 
turned on to compensate for the losses introduced by the splitter 150 and combiner 
153, and no signal is introduced through the add waveguide 154. 

The splitter 150 and the combiner 153 may be passive Y-junctions. However, 
they can be replaced by active switches, such as Y-junction so-called digital optical 
switches, which may be activated by imposed bias fields or current injection. Active 
switches eliminate the need for the switchable amplifier 156. 

The demultiplexed waveguides 148 are then fed to the first star coupler 138. 
From symmetry, it is clear that arrayed waveguides 140 multiplex the multiple optical 
carriers onto the output waveguides 143 and 144. 

Another advantageous application of the invention is a 2*2 optical cross- 
connect switch 160 schematically illustrated in FIG. 14. Two optical fibers 162 input 
respective sets of optical input signals having respective wavelengths A„ A 2 , A 3l A 4 
and A' 1( A' 2 , A' 3 . A' 4 to stngle-moded input waveguides 164 at the edge 132 of the 
chip. The waveguides 164 are connected to respective arrayed waveguide 
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demultiplexers 166 through MMI filters 168. The outputs of the demultiplexers 166 
are coupled to single-moded straight-ahead waveguides 170 bearing respective 
wavelengths A„ A* A,, K. and A\, A' 2l A' 3 , A' 4 . The two sets of straight-ahead 
waveguides 170 are pair-wise interconnected by a set of crossing waveguides 172 
through routing switches 174 and 176. For a particular pair of wavelength \ and K\, 
the corresponding four routing switches 174 and 176 are together set to transfer the 
signals between the pair of straight-ahead waveguides 170 or to leave the signals on 
the same straight-ahead waveguides 170. The routing switches 174 and 176 can be 
functionally accomplished with so-called digital optical switches, as described by 
Vinchant et al. in "Low driving voltage or current digital optical switch on InP for 
multiwavelength system applications," Electronics Letters, 1992, pp. 1135, 1 136 and 
based upon the operating principle described by Silberberg in U.S. Patent 
4,775,207. Alternatively, the routing function may be accomplished by passive 
splitters and combiners and the switchable amplifiers of FIG. 13, with the amplifiers 
inserted into each straight-ahead waveguide 170 and each crossing waveguide 172. 
Laube et al. have described such a routing switch in "Selective Area Growth of 
Q/Q-MQW Structures for Active/Passive 2x2 Space Switch Matrices." Proceedings 
of 7th European Conference on Integrated Optics (ECIO '95), pp. 527-530, April 3-6. 
1995, Delft, Holland. The switched signals are then multiplexed in multiplexers 178. 
each having an MMI filter 180 interposed between its output and a single-moded 
output waveguide 1 82 coupled to an optical fiber 1 84 at the chip edge. All the 
waveguides in the switch 160 of FIG. 14 are effectively single-moded, except of 
course, in their MMI end portions. However, in practice, the waveguides may be 
allowed to be slightly double-moded provided that no significant signal is effectively 
carried by the higher-order modes. Such marginally confined higher-order modes 
are eliminated by bend-loss since they preferentially radiate away from curved 
portions of the waveguides and are lost. Bend loss allows the use of guides which 
are nominally able to support several modes but which transport only the 
fundamental mode. Such multi-moded waveguides are often preferable because 
strictly singly moded waveguides are often too narrow for easy, tolerant lithography. 
In fact, the 3um-wide waveguides presented in the above experiment examples 
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actually support more than one mode. The guide would need to be less than 1 7pm- 
wide to be truly single-moded. In addition, the guide core of the second exemplary 
design would also need to be a little thinner in the transverse direction to be strictly 
single-moded. However, if one launches all modes into such marginally mutti- 
5 moded waveguides it and then examines the guided light after the guide has 

undergone a significant angular turn, only the fundamental mode is observed. For 
purposes of the claims, these substantially single-mode waveguides will be referred 
to as single-mode waveguides since overall they effectively operate as if they were 
single-moded. 

10 A compact version of the cross-connect switch 160 of FIG. 14 is the 2*2 

cross-connect switch 190 of FIG. 15, which incorporates some of the feedback 
structure of FIG. 13. Similarly to the larger cross-connect switch 160, optical input 
signals of multiple wavelengths are received on the single-moded input fibers 162 
and are directly coupled at the edge 132 of the chip to the single-moded input 

IS waveguides 164. These input waveguides 164 are coupled through the respective 
MMI's 168 to respective arrayed waveguide demultiplexers 192a and 192b, each 
having first and second optical interaction regions 194 and 196, plural grating 
waveguides 198, and plural feedback waveguides 200, similar to the waveguides 
148 of FIG. 13. 

20 A multi-wavelength signal on fiber 162 and input waveguide 164, after 

passing through the MM1 168, is wavelength dispersed by the optical interaction 
regions 194 and 196 and the grating waveguides 198 into separated wavelength 
channels on the feedback waveguides 200. Assuming no further switching, these 
same wavelength-separated signals are again input from the feedback waveguides 

25 200 back into their respective first optical interaction regions 194 (in parallel to the 
input MMls 168), the grating waveguides 198, and the second optical interaction 
regions 196 to be finally output, via the respective output MMls 180 (in parallel to the 
feedback guides 200) and the output waveguides 182, to the respective output fibers 
184. The same operation is occurring in the upper and lower demultiplexers 192a 

30 and 192b, that is, the signals input on IN V exit on OUT,, and signals input on IN 2l 
exit on OUT 2( unless they have been exchanged between the two demultiplexers 
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192a and 192b. 

However, corresponding ones of the feedback waveguides 200 in the two 
demultiplexers 192a and 192b are selectively linked by respective sets of 
interchange elements comprising crossing waveguides 172 and routing switches 174 
and 176 so as to selectively interchange signals of a given wavelength channel 
between the two demultiplexers 192a and 192b. Activation of the interchange 
element for a particular carrier wavelength causes the signals of that wavelength to 
be interchanged between the two demultiplexers 192a and 192b. thereby performing 

the switching function. 

The routing switches may comprise active Y-junction digital optical switches 
activated, for example, by imposed bias fields or carrier injection, or other means, or 
may comprise passive Y-branch splitters followed by on/off amplifiers in a s.m,lar 
manner to elements 150. 153, and 156 of FIG. 13. or may comprise yet other 
means The functionality of the interexchange elements may be represented by the 
schematic element 206 of FIG. 16. Importantly, such a switch 206 need not be 
wavelength selective although it may be optimized for the wavelength of the s,gnal 
traversing the feedback waveguide 200 on which it is located. Such switches are 
well known. 

The cross-connect switch 160 of FIG. 16 can be further condensed into a 
switch 21 0 shown schematically in FIG. 17 having a single demultiplexer 212. Both 
input waveguides 164 are connected through respective input MMls 168 to a s.ngle 
first optical interaction region 194. The grating waveguides 198 connect the first and 
second optical interaction regions 194 and 196. Feedback waveguides 200 feed 
back signals from the second optical interaction regions 196 to the first ones 194. 
However, as is clearly illustrated in FIG. 17. the number of feedback waveguides 
200 is twice the number of wavelength channels because they separately convey 
the wavelength channels of the two separate inputs IN, and IN, The feedback 
waveguides 200 in a group 216 convey the wavelength channels demultiplexed from 
,N, while those in a group 218 convey the wavelength channels demultiplexed from 
IN 2 The feedback waveguides 200 and the input MMls 168 or output MMls 180 are 
arranged in parallel and in the respective groups 216 and 218 at the edges of the 
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two interaction regions 194 and 196. 

The corresponding channels or feedback waveguides 200 of the two groups 

216 and 218 are connected through 2><2 optical cross connects 220 that selectively 

interchange the two connections between their inputs and their outputs. The 
5 functionality of the cross connects 220 are the same as the switch 206 of FIG. 16. 

The cross connects 220 can switch the separate wavelength channels derived from 

the inputs IN, and IN 2 between the outputs OUT, and OUT 2 . 

Although the cross-connect function in FIG. 17 for the individual wavelength 

channels has been combined into a single exchange element 220, it is recognized 
10 that separate switching functions 174 and 176 and connecting guides 172, as 

illustrated in FIG. 15, can be advantageously employed. 

The embodiment of FIG. 15 has the advantage over that of FIG. 14 in that the 

device is smaller and filter variations are less troublesome, but it has the 

disadvantage the crosstalk is probably worse because out-of-band crosstalk from 
15 the input IN, or IN 2 can pass directly through the filters to the outputs OUT, and 

OUT 2 whereas, in the fitter 160 of FIG.14, the crosstalk must pass through two filter 

elements 166 and 178. This increase of crosstalk may, however, be obviated by 

using folded-back return pathways to the interaction regions 196 rather than the 

illustrated loop-back return pathways to the interaction regions 194, as previously 
20 disclosed, for example, by Ishida et al. in "Multichannel Frequency-Selective Switch 

Employing an Arrayed-waveguide Grating Multiplexer with Fold-Back Optical Paths," 

IEEE Photonics Technology Letters, vol. 6. pp. 1219-1221, 1994. 

The filter 210 of FIG. 17 has the advantage over filters 160 and 190 of 

FIGS. 14 and 15 in that it is small and that the use of one set of arrayed guides 198 
25 shows a unique filter function for signals input on IN, and IN 2 . 

The cross-connect switches 160 and 170 of FIGS. 14 and 15 include a large 

number of crossing waveguides. It is known that if they cross at moderately large 

angles, the loss and crosstalk are negligible. 

Similar drop/add circuits or switches have been disclosed by Okamoto et al. 
30 in "16-channel optical add/drop multiplexer using silica-based arrayed-waveguide 

gratings," Electronics Letters, vol. 31. pp. 723. 724, 1995; by Tachikawa et al. in 
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"Arrayed-waveguide grating add-drop multiplexer with loop-back optical paths, 
Electronics Letters, vol. 29. pp. 2133, 2134, 1993; by Suzuki et al. in "Multichannel 
optical wavelength selective switch with arrayed^aveguide grating multiplexer," 
Electronics Letters, vol. 30, pp. 1091. 1092. 1994; and by Ishida et al.. ibid. 

Another embodiment of the invention is a wavelength-division laser 
transmitter 230, illustrated schematically in FIG. 18. Several semiconductor lasers 
232 are formed into an array of N lasers on a single chip, and each laser 232 is 
designed to emit at its respective and separate predetermined wavelength \. Such 
lasers 232 are conventionally DFB (distributed feedback) or DBR (distributed Bragg 
reflector) lasers. Although unillustrated. each laser 232 is modulated by a respective 
data channel so that it outputs an optical carrier wave at ^ whose envelope is the 
data to be conveyed in that channel. The outputs can be combined on chip by an 
integrated combiner, that is, multiplexer. Such arrays of integrated lasers and 
combiner are well known, as have been described by Zah et al. in "Multiwavelength 
light source with integrated DFB laser array and star couplers for WDM lightwave 
communication." International Journal of High Speed Electronics and Systems. 
vol. 5, 1994. pp. 91-109 and by Young et al. in "A 16x1 WDM transmitter with 
integrated DBR lasers and electroabsorption modulators." IEEE Photonics 
Technology Letters, vol. 5. 1993. pp. 908-910. However, this prior art has combined 
the N channels in a single star coupler, which necessarily entails a power loss of 
1/N. As a result, the prior art has often included an optical amplifier at the output to 
boost the level of the multiplexed signal. 

According to the present invention, the modulated outputs of array of lasers 
are conveyed on single-mode waveguides 234 to a multiplexer 236 comprising the 
first and second interaction regions 92 and 98 and grating waveguides 96. similar to 
corresponding elements in the filter 90 of FIG. 10. The single-mode waveguides 
234 are directly connected to the first interaction region 92. An MMI coupler 238 is 
positioned on the output side of the second interaction region 94 to receive all the 
wavelength channels from the array of lasers 232. A single-mode waveguide 238 
connects the MMI coupler 238 to an output fiber at the edge 145 of the chip or to 
other opto-electronics on the chip. In either case, the N optical channels have been 
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combined into a single waveguide or fiber with low loss. Furthermore, it is known 
that it is difficult to precisely control the emission wavelengths Aj of the lasers 232. 
The flattened response of the multiplexer 236 provides a wider window in which the 
lasers 232 can operate, thus relaxing design and fabrication requirements. 

5 The invention thus provides an easy solution to the generalized problem of 

frequency drift and other imprecisions in optical systems, particular WDM 
communication systems. A multi-mode interference coupler is easily incorporated 
into various wavelength dispersive optical functions to provide a flattened 
wavelength response. The invention can be advantageously incorporated into a 

1 0 number of useful optical communication systems. 
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What is claimed is: 

1 . An optical coupler, comprising: 

a plurality of single-moded optical waveguides optically connected to at least 
one optical interaction region; and 
5 at least one multi-mode interference filter disposed between a respective one 

of said single-moded optical waveguides and said interaction region and having a 
length to produce a multiple image at an end thereof. 

2. The optical coupler of Claim 1 , wherein only some of single-moded 
optical waveguides are coupled to said optical interaction region through a 

10 respective one of said at least one multi-mode interference filter. 

3. The optical coupler of Claim 1 , wherein at least one of said optical 
waveguides is disposed on an input end of said at least one interaction region and at 
least one other of said optical waveguides is disposed on an output end of said at 
least one interaction region. 

15 4. The optical coupler of Claim 1 , wherein said at least one multi-mode 

interference filter has a length to produce a double-peaked image. 

5. The optical coupler of Claim 1 f wherein said at least one multi-mode 
interference filter has a length to produce an image with more than two peaks. 

6. The optical coupler of Claim 1 , wherein said multi-moded waveguide 
20 has a substantially constant width and can support at least three optical modes. 

7. The optical coupler of Claim 1 . further comprising a wavelength 
dispersive element operatively associated with said optical interaction region, 
whereby said multi-mode interference filter presents a flattened response for light 
wavelength dispersed by said dispersive element 
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8. The optical coupler of Claim 1 , wherein said waveguides and said 
multi-mode interference filter comprise lll-V semiconductor materials. 

9. The optical coupler of Claim 1 , wherein said waveguides and said 
multi-mode interference filter comprise silica. 

5 10. The optical coupler of Claim 1 , wherein said waveguides and sard 

multi-mode interference filter comprise polymeric material. 

11. An wavelength dispersive device, comprising: 

a first side comprising at least one substantially single-moded optical 
waveguide; 

10 a second side comprising a plurality of substantially single-moded optical 

waveguides; 

a frequency dispersive element optically coupling said waveguides between 
said first and second sides across at least one optical interaction region; and 
a muhi-moded waveguide disposed on an end of at least one of said 
1 5 waveguides adjacent to said interaction region. 

12. The wavelength dispersive device of Claim 1 1 1 further comprising a 
plurality of additional optical waveguides coupling said first and second sides and 
conveying frequency-dispersed optical signals. 

20 1 3. The wavelength dispersive device of Claim 12, further comprising at 

least one selective switching element in said additional optical waveguides for 
switching out one of said frequency-dispersed optical signals and for switching in 
another optical signal. 

14. An arrayed waveguide device, comprising: 
25 a first and a second optical interaction region; 

at least one first single-moded optical waveguide optically coupled to a first 
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side of said first optical interaction region; 

a plurality of optical waveguides optically coupled between a second side 
of said first optical interaction region and a first side of said second optical 
interaction region and having respective phase lengths with predetermined 
differences therebetween; 

at least one second single-moded optical waveguide optically coupled to 
a second side of said second optical interaction region; and 

a multi-moded waveguide interposed between at least one of said first 
and second optical waveguides and a neighboring one of said first and second 
optica! interaction regions. 

1 5. The arrayed waveguide device of Claim 1 2, wherein said multi- 
moded waveguide comprises a multi-mode interference filter having a length to 
produce a multiply peaked image on an end thereof. 

16. An optical filter, comprising: 

at least one single-moded input waveguide; 
at least one single-moded output waveguide; 

at least one optical interaction region and a frequency dispersive element 
operatively connected thereto, receiving at least one optical input signal on said 
at least one input waveguide, and dividing said at least one input signal 
according to wavelength into said at least one output waveguide; 

at least one multi-mode interference filter disposed between one of said 
waveguides and said at least optical interaction region. 

17. The optical filter of Claim 16, wherein each said at least one 
optical interaction region comprises two optical interaction regions and an 
arrayed waveguide grating disposed therebetween. 

18. A drop-add circuit, comprising: 
a single-mode input waveguide: 
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a first multi-mode waveguide receiving signals from said input waveguide; 
a second multi-mode waveguide; 

a single-mode output waveguide receiving signals from said second 
multi-mode waveguide; 

a plurality of feedback waveguides: 

at least one optical interaction region receiving signals on a first side 
from said first multi-mode waveguide and first ends of said feedback 
waveguides and sending signals on a second side to said second multi-mode 
waveguide and second ends of said feedback waveguides; 

a frequency dispersive element operatively disposed in said at least one 
optical interaction region; and 

at least one interexchange element disposed on a respective one of said 
feedback waveguides, selectively interchanging an optical signal carried on said 
respective feedback waveguide for another optical signal, 

19. The add-drop circuit of Claim 18, wherein said at least one optical 
interaction region comprises two optical interaction regions and said frequency 
dispersive element comprises an arrayed waveguide grating disposed between 
said two optical interaction regions. 

20* An optical switch, comprising: 

a first and a second wavelength dispersive system, each comprising 

at least one optical interaction region having a first side receiving 

an input signal on a substantially single-moded input waveguide and a second 

side from which an output signal is transmitted on a substantially single-mode 

output waveguide, 

a wavelength dispersive element operatively associated with said 

at least one optical interaction region, and 

a plurality of feedback waveguides linking said first and second 

sides; and 
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selective interexchange elements connected between pairs of said 
feedback waveguides of said first and second wavelength dispersive systems. 

21 . The optical switch of Claim 20. wherein said at least one optical 
interaction region comprises two optical interaction regions and said wavelength 
dispersive element comprises an arrayed waveguide grating disposed between 
said two optical interaction regions. 

22. The optical switch of Claim 20, wherein said input and output 
waveguides are single-moded and multi-mode interference filters are interposed 
between said at least one optical interaction regions and at least some of said 
input and output waveguides in each of said wavelength dispersive systems. 

23. An optical switch, comprising: 

at least one optical interaction region receiving two input signals on a 
receiving side thereof and sending two output signals from a sending side 
thereof; 

a wavelength dispersive element associated with said at leasts one 
optical interaction region; 

plural feedback channels linking different respective positions on said 
sending side with corresponding position on said receiving side; and 

selectively activatable connections between said feedback channels. 

24. The optical switch of Claim 23, further comprising at least two 
multi-mode interference filters on at least one side of said at least one optical 
interaction region carrying respective ones of said input and output signals. 

25. The optical switch of Claim 23, further comprising; 
respective substantially single-moded waveguides carrying said input 

and output signals; and 
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at least one multi-moded waveguide disposed between said single- 
moded waveguides and said at least one opticaf interaction region. 

26. The optical switch of Claim 25, wherein said single-moded and 
said multi-moded waveguides are integrated on a chip. 

27. The optical switch of Claim 23, wherein said at least one optical 
interaction region comprises two optical interaction regions and said wavelength 
dispersive element comprises an arrayed waveguide grating disposed between 
said two optical interaction regions. 

28. A multi-wavelength laser source, comprising formed on a chip; 
a plurality of semiconductor lasers emitting at a plurality of respective 

wavelengths; 

a plurality of single-moded first waveguides receiving respective outputs 
of said semiconductor lasers; 

at least one optical interaction region receiving said single-moded 
waveguides; 

a wavelength dispersive element coupled to said at least one optical 
interaction region; 

a single-moded waveguide receiving an output of said at least one optical 
interaction region; and 

at least one multi-moded waveguide coupled between one of said 
waveguides and said at least one optical interaction region. 

29. The multi-wavelength laser source of Claim 28, wherein said multi- 
moded waveguide is disposed between said second waveguide and said at 
least one optical interaction region. 

30. The multi-wavelength laser source of Claim 28> wherein said multi- 
moded waveguide is of a length to comprise a multi-mode interference filter. 
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31 . The multi-wavelength laser source of Claim 28. wherein said at 
least one optical interaction region comprises two optical interaction regions 
linked by a plurality of waveguides having predetermined differences in phase 
lengths therebetween. 
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AMENDED CLAIMS 

[received by the International Bureau on 22 November 1996 (22.11.96)- 
new claims 32-49 added; remaining claims unchanged (5 pages)] 

1 31. The multi -wavelength laser source of Claim 28, wherein 

2 said at least one optical interaction region comprises two optical 

3 interaction regions linked by a plurality of waveguides having 

4 predetermined differences in phase lengths there between. 

1 32. A 2x2 optical switch for switching signals between 

2 either a first or a second single-moded input optical waveguiding 

3 means and a first or a second single-moded output optical 

4 waveguiding means, said switch comprising 

5 a first and a second demultiplexer and a first and a second 

6 multiplexer, 

7 a plurality of multiple-mode interference couplers individu- 

8 ally connecting said first and second input optical waveguiding 

9 means to said first and second demultiplexers and said first and 
second multiplexers to said first and second output waveguiding 

11 means, respectively, 

12 a plurality of first single-mode waveguides connecting said 

13 first demultiplexer to said first multiplexer, 

14 a plurality of second single-mode waveguides means connect - 

15 ing said second demultiplexer to said second multiplexer, 

16 crossing waveguides between said first and second waveguid- 

17 ing means, and 

!8 routing switch means for connecting said crossing waveguides 

19 to said first and second waveguides. 

1 33. The optical switch in accordance with claim 32 wherein 

2 each of said multiplexers and demultiplexers comprises a first 

3 and a second interaction region interconnected by optical grating 

4 means. 

1 34. The optical switch in accordance with claim 33 wherein 

2 said multiplexers, demultiplexers, waveguides, and multiple-mode 

3 interference couplers are formed on a single chip. 

1 35. A 2x2 optical switch for switching signals between 

2 either a first or a second single-moded input optical waveguiding 
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3 means and a first or second single-moded output optical waveguid- 

4 ing means, said switch comprising 

5 first optical interaction means for each of said input 

6 waveguiding means, 

7 second optical interaction means for each of said output: 

8 waveguiding means , 

9 a first and a second plurality of grating waveguides inter- 
10 connecting said first and second interaction means, 

xl a plurality of multiple-mode interference couplers individu- 

12 ally connecting each of said interactions means to its waveguid- 

13 ing means , 

14 a first and a second plurality of feedback waveguides inter- 

15 connected between said first and second interaction means, and 

16 routing switch means for interconnecting individual ones of 

17 said feedback waveguides of said first and second pluralities. 

1 36. A 2x2 optical switch for switching signals between 

2 either a first or a second single moded input optical waveguiding 

3 means and a first or a second single-moded output optical 

4 waveguiding means said switch comprising 

5 a first and a second interaction region, 

6 multiple-mode interference couplers connecting said first 

7 interaction region individually to the first and second single- 

8 moded input waveguiding means and connecting said second interac- 

9 tion region individually to the first and second single-moded 

10 output waveguiding means, 

11 grating waveguides connecting said first and second inter ac- 

12 cion regions, 

13 feedback waveguides connecting said first and second inter - 

14 action regions, and 

15 optical cross-connects connecting individual pairs of said 

16 feedback waveguides. 

1 37. The optical switch in accordance with claim 36 wherein 
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2 said interaction means, grating waveguides, feedback waveguides, 

3 optical cross connects, and multiple-mode interference couplers 

4 are formed on a single chip. 

1 38. A 2x2 optical switch for switching signals between 

2 either a first or a second single-moded input optical waveguiding 

3 means and a first or a second single-moded output optical 

4 waveguiding means, said switch comprising, 

5 first means defining a first path between the first input 

6 waveguiding means and the first output waveguiding means and 

7 including a first plurality of single-mode wave guides, 

8 second means defining a second path between the second input 

9 waveguiding means and the second output waveguiding means and 

10 including a second plurality of single-mode wave guides, 

11 each of said first and second means including a pair of mul- 

12 tiple mode interference couplers, a demultiplexer and a multi- 

13 plexer, and 

14 means for selectively interconnecting individual ones of 

15 said first and second pluralities of single-mode waveguides. 

1 39. The optical switch in accordance with claim 38 wherein 

2 one of said multiple mode interference couplers is connected 

3 between the input waveguiding means and said demultiplexer and a 

4 second of said multiple mode interference couplers is connected 

5 between the output waveguiding means and the multiplexer in each 

6 of said first and second paths. 

1 40. A 2x2 optical switch for switching signals between 

2 either a first or a second single-moded input optical waveguiding 

3 means and a first or a second single-moded output optical 

4 waveguiding means, said switch comprising 

5 first means defining a first path between the first inpuc 

6 waveguiding means and the first output waveguiding means and 

7 including a first plurality of single-mode wave guides, 

8 second means defining a second path between the second input 
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9 waveguiding means and the second output waveguiding means and 

10 including a second plurality of single mode wave guides, 
IX each of said first and second means including a pair of mul- 

12 tiple mode interference couplers and a first and a second optical 

13 interactions means, and 

14 means for selectively interconnecting individual ones of 

15 said first and second pluralities of single-mode waveguides. 

1 41. The optical switch in accordance with claim 40 wherein 

2 one of said multiple mode interference couplers is connected 

3 between the input waveguiding means and said first optical inter- 

4 action means and a second of said multiple mode interaction cou- 

5 pier is connected between the output waveguiding means and said 

6 second optical interaction means in each of said first and second 

7 paths . 

1 42. The optical switch means in accordance with claim 40 

2 wherein said first and second plurality of single-mode waveguides 

3 comprise feedback waveguides and wherein grating waveguides also 

4 interconnect said optical interaction means in each of said first 

5 and second paths * 

1 43. A wavelength-division laser transmitter comprising a 

2 plurality of semiconductor lasers in an array and each 

3 designed to emit at its respective and predetermined wavelength, 

4 a multiplexer, 

5 individual single-mode waveguides connecting each of said 

6 lasers to said multiplexer, 

7 a single-mode output waveguide, and 

8 a mulci-mode interference coupler connecting said multi- 

9 plexer to said output waveguide. 

1 44. A wavelength-division laser in accordance with claim 43 

2 wherein said multiplexer includes first and second interaction 

3 regions interconnected by optical grating means. 

1 45. A wavelength-division laser in accordance with claim 44 
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2 wherein said optical grating means comprises a plurality of 

3 waveguides, the phase lengths of adjacent waveguides differing 

4 from each other to form an optical grating. 

1 46. A wavelength division laser transmitter in accordance 

2 with claim 45 wherein said plurality of semiconductor lasers, 

3 said multiplexer, said optical grating means, and said output 

4 waveguide are formed on a single chip. 

1 47 . A wavelength-division laser transmitter comprising 

2 a plurality of semiconductor lasers in an array and each 

3 designed to emit at its respective and predetermined wavelength, 

4 a single-mode output waveguide, and 

5 a plurality of series paths connecting said lasers to said 

6 output waveguide, said paths each including an individual single- 

7 mode waveguide connected to each of said lasers, a multi-mode 

8 interference coupler, and a multiplexer. 

1 48. The wavelength-division laser transmitter in accordance 

2 with claim 47 wherein said multiplexer is common to all of said 

3 paths and said multi-mode interference coupler connects said mul- 

4 tiplexer to said output waveguide. 

1 49. The waveguide-division laser transmitter in accordance 

2 with claim 47 wherein said plurality of lasers and said plurality 

3 of series paths are formed on a single chip. 



42 

AMENDED SHEET (ARTICLE 19) 



WO 97/10525 



1/10 



PCT/US96/12745 





OPTICAL 
ROUTER 



10 



I — D 





FIG. 1 
(PRIOR ART) 




WO 97/1 0525 



2/10 



PCT/OS96/12745 




FIG. 4 



WO 97/10525 



3/10 



PCT/US96/12745 




FIG. 7 



WO 97/10525 



4/10 



PCT/US96/12745 



24 




-fiQ 



\ 



6^ 



-62 



25 



62 



FIG. 8 




FIG. 9 



WO 97/10525 



5/10 



PCT/US96/I2745 




FIG. 11 



WO 97/10525 



6/10 



PCI7US96/12745 



ANALYTIC 
FORM OF 
DESIRED 
FILTER 



OTHER 
NON-SPECTRAL 
CONSIDERATIONS 



DECONVOLVE 
FILTER RESPONSE 
TO SPOT IMAGE <)> 0 



I 



ENGINEER MMI 
AND ELEMENTS TO 
ACHIEVE <|>o 
AT OUTPUT 



110 



NUMERICAL 
ANALYSIS OF 
DEVICE PERFORMANCE 
AND SPECTRAL 
RESPONSE 



OPTIMIZE BY 
ADJUSTING 
DEVICE 
PARAMETERS 



•112 



114 



■116 



118 



120 



FIG. 12 



WO 97/1 D525 



7/10 



PCT/US96/I2745 




WO 97/10525 



8/10 



PCT/US96/12745 




WO 97/10525 



PCI7US96/U745 



9/10 




FIG. 16 



WO 97/10525 



10/10 



PCT/US96/12745 




FIG. 18 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCTAJS96/12745 



A. CLASSIFICATION OF SUBJECT MATTER 
IPC(6) :GQ2B 6/26, 6736 

US CL : Please See Extra Sheet. . 
According to International Patent Classification <1PC) or to both national classification and IPC 



FIELDS SEARCHED 



Minimum documentation lurched (claasification lyitero followed by clarification symbol.) 
U.S. : Please See Extra Sheet. 



Docuroewationicarchedolherthan mininum documentation to the extent that auch document, are included in the field, searched 



Electronic data base consulted during the international search (name of data bate and. where practicable, search term, used) 



APS 



C DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



X 
A 

X 
A 
A 



Citation of document, with indication, where appropriate, of the relevant passage* 



Electronics Letters. Volumn 30, No. 13. issued 23 June 
1994. Suzuki et al. "Multichannel Optical Wavelength 
Selective Switch with Arrayed-Waveguide Grating 
Multiplexer", pages 1091-1092. especially see Figure 2. 

US, A. 5.414,548 {TACHIKAWA ET AL) 09 May 1995. 
Figure 1 and Figure 3. 

Applied Physics Letters, Volume 64, No. 14, issued 04 April 
1994. van Roijen et al, "Compact InP-based Ring Lasers 
Employing Multimode Interference Couplers and Combiners , 
pages 1753-1755, especially Figure 1. 



Relevant to claim No. 



23, 27 
20, 21 

23, 27 

20, 21 

1-19, 22, 24- 
26, 28-31 



Q Further document* arc listed in the continuation o fBoxC. □ See patent family annex 



p Special cateaoriea of cited documents: 

'A' documemdcTtnini the ieneral stole of the tit which « not considered 

id be or particular relevance 
'IT earlier document puhliahed on or •her the mUrnational Hlini d*u 

•L- document which mny throw doobu on priority claim* i> or which ta 

cU«Moe.t.bli*h the public*! von date of another citation or other 
special reeaoo (•* •pecified) 

•O" document referring to en oral di«:l«urc. u-e. e«hibiuo. Of other 

•P» docuxneal puhlUhcd prior to the international filim d.te bm auer than 

the priority date claimed 



hi,, ,|, i nyn l Mhnrt aftrrrhrr iff r ™'~t ~ T n -* v 

da* KjdixKm confix 

principle or theory undertymf. the eaveaajoa 

document of particular refcvaace; the claimed fevcaaoA ceaoot be 

conefctcred novel or cannot be cooHdcied to involve an v ■*« 

wbeo the document la taken akme 

document of particular relcvaoc*; the chimed mveouoa 
oookvaderod to bvotve an a y venrive step when the t*" 
combined with ooe or more other auch document*, auch 
bene obvloua to • peraoo ettlled m the art 

4ociMacxA umber of the aame patcst family 



Date of the actual completion of the international search 



29 OCTOBER 1996 



Name and mailing address of the ISA/US 
Commissioner of Patents and Trade manci 
Box PCT 

Washington. D C. 20331 
Facsimile No. H03) 305-3230 



Date of mailing of the international aearch report 



13 NOV 1996 



S 

/Telephone No (703) 305-S437 m 



Authorized ofTiccr 
,/tlSUN SONG 



Form PCT/1SA/210 (second shcct)(Ju»y 1992)* 



INTERNATIONAL SEARCH REPORT 



bt.'TOAtioniJ application No. 

PCT/U596712745 



C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 


Citation of document, with indication, where appropriate, of the relevant passages 


Relevant to claim No. 


A 


Journal of Lightwave Technology, Volume 10, No. 12, issued 
December 1992, Soidano et aJ, "Planar Monomode Optical 
Couplers Based on Multimode Interference Effects", pages 1843- 
1849, especially see pages 1843 and 1844. 


1-19, 22, 24-26, 
28-31 



Form PCT/ISAA2I0 (continuation of second shccl)(July 1992)* 



INTERNATIONAL SEARCH REPORT 



Ik. .national appUaUkm No. 
PCT/US967 12745 



A. CLASSIFICATION OF SUBJECT MATTER: 
US CL : 

385/15, 16. 17.20, 21.22.23; 
359/117. 128, 139 



B. FIELDS SEARCHED 
Minimum documentation searched 
Classification System: U.S. 

385/15. 16. 17. 20.21.22. 23 ; 
359/117. 128. 139 



BOX II. OBSERVATIONS WHERE UNITY OF INVENTION WAS LACKING 
This ISA found multiple inventions as follows: 

This application contains the following inventions or groups of inventions which are not so linked a. Jo ► torn, a single 
uwe^tivTeoneept under PCT Rule 13.1. In order for aU invention, to be examined, the appropriate additional 
examination fees must be paid. 

Croup l. claimCs) 1-17. 20. 22-24. 26-29. drawn to . multi-mode interference filter d»po.«» between » .ingle rooded 
waveguide and an interaction region, classified in claw 385, .ubclaa* 15. 

^o3Tcl»im<s) 18. 19. 21. 25. drawn to an optical .when with plurri feedb** channels. cWted u, daw 359. 
subclass 128. 

The invention, feted „ Croups I and II do not relate to a .ingle inventive concept u^cr PCT Rule 13.1 because, under 

PCT Rute 132 Aey lack the same or corresponding special technical feature, for the foUowmg reasons: 

Th^opScal coupE K» ! *« spe^.Vtech.TcaHe.turc of a multi-mode inUrference Wter d.^.ed between . 
^le^ wsvcEuide and'an interactioTregion. The optical awnch of Croup II has the special teenrucal fe-ure of 
having plural feedback channels. 



Form PCT/lSA/210 (extra shcci>(Juty 1992)* 



